shows that, when extract was preincubated single cell cycle. Premature origin licensing is prefor 90 min with sperm nuclei and Ran T24N protein, no vented in metaphase by the action of geminin, which licensing inhibitor was generated. In contrast, wild-type binds and inhibits Cdt1/RLF-B, a protein that is reRan (which does not block nuclear assembly) did not quired for the loading of Mcm2-7 [6-9]. Recombinant block the appearance of the inhibitor. Wheat germ aggeminin that is added to Xenopus egg extracts is effiglutinin, a lectin that binds to nuclear pores, inhibits ciently degraded upon exit from metaphase [10]. Here, nuclear protein transport and nuclear envelope assemwe show that recombinant and endogenous forms of bly [14]. No licensing inhibitor was generated when DNA Xenopus geminin behave differently from one another, was preincubated in extract supplemented with wheat such that a significant proportion of endogenous gemgerm agglutinin ( Figure 1A ). The concentration of wheat inin escapes proteolysis upon exit from metaphase.
CDK activity, we used the specific CDK inhibitor roscovitory activity generated in G2 as a result of nuclear assembly and nuclear transport. tine [16] . Although 2.5 mM roscovitine is sufficient to inhibit the initiation of DNA replication [16], it did not We were surprised to find geminin in our extracts, since geminin was originally identified in a screen for block the appearance of the licensing inhibitor ( Figure  2A , PIE ϩ rosc.). Similar results were obtained with the proteins specifically degraded at the metaphase-toanaphase transition [10] and our extracts were supple-CDK inhibitor p21
Cip1 (data not shown). Interphase extracts were depleted of ORC, Cdc6, Cdt1, Mcm3, Mcm7, mented with cycloheximide to prevent any new protein synthesis. We noted, however, that the assays peror Cdc7, or were mock depleted with nonimmune serum. When DNA was preincubated in each of these extracts, formed by McGarry and Kirschner [10] involved the degradation of recombinant geminin, while the degradation a potent licensing inhibitor was still generated (Figure 2A) , suggesting that generation of the licensing inhibitor is not of endogenous geminin was not reported. To confirm that our extracts could efficiently degrade recombinant dependent on any known aspect of pre-RC assembly.
The major inhibitor of origin licensing present in metageminin upon exit from metaphase, two forms of 6xHis-tagged geminin protein were produced in Escherichia phase Xenopus egg extract is geminin [9] . Figure 2A shows that interphase extracts immunodepleted of coli: one wild-type ( Figure 2B , lane 1), and one containing a mutation in its destruction box to make it resisgeminin failed to generate the licensing inhibitor after preincubation with DNA. In addition, when inhibitory tant to degradation (geminin Figure S1 ). These results therefore show that geminin provides the major inhibiHowever, in these experiments, significant quantities Figure 3B ). Further, the endogenous Cdt1/RLF-B migrated as a slightly smaller comnuclei in the extract had no significant effect on the degree of degradation observed ( Figure 2C ). We conplex, consistent with it no longer binding geminin. When extract was preincubated with DNA, so that geminin clude that a significant quantity of endogenous geminin escapes degradation, and that this geminin is incapable once again inhibited Cdt1/RLF-B, the fractionation pattern again resembled that seen in metaphase, with all of inhibiting licensing until nuclear assembly occurs.
the Cdt1/RLF-B and ‫%54ف‬ geminin cofractionating in the larger complex ( Figure 3C ). Immunodepletion experiGeminin's Inhibitory Activity Correlates with Its Ability to Interact with Cdt1/RLF-B ments showed that, under these conditions, a complex between Cdt1/RLF-B and geminin had reformed (Figure If some endogenous geminin escapes degradation in anaphase, why does it not inhibit licensing? A change S2). In contrast, when extract was preincubated in the absence of DNA, most geminin and Cdt1/RLF-B did in its ability to interact with Cdt1/RLF-B could provide a potential explanation. We therefore examined the benot cofractionate, though some complex ‫%42ف(‬ of the geminin) was formed ( Figure 3D ). Coprecipitation also havior of geminin and Cdt1/RLF-B by gel filtration. In metaphase-arrested extracts, Cdt1 migrated in a single showed a significant quantity of free Cdt1 in the absence . Cdt1/RLF-B is specifically was added to these PIEs and was then collected on Nibound and inhibited by geminin, and this provides the agarose beads. Bead-bound material was immunoblotmajor mechanism by which origin licensing is regulated ted to determine whether endogenous geminin had during metaphase [9]. Geminin was originally identified bound to the recombinant Cdt1. Figure 3E shows that, in a screen for recombinant proteins degraded upon exit when nuclear assembly did not occur (either because from mitosis in Xenopus egg extracts [10]. However, no DNA was present or because insufficient time had this earlier study did not investigate the degradation of elapsed to allow nuclei to assemble), endogenous gemiendogenous geminin in the Xenopus system. We demonstrate here that, although recombinant geminin is effinin did not bind significantly to the recombinant Cdt1. However, when nuclear assembly occurred and the inciently degraded by Xenopus egg extracts upon exit from metaphase, a significant proportion of endogenous hibitor was activated, a significant quantity of endogenous geminin was bound to the recombinant Cdt1 (Figgeminin escapes tively, there may be another protein that is activated upon exit from metaphase that modulates the activity of geminin in a noncovalent way.
We also show that endogenous geminin regains the capacity to bind recombinant Cdt1 and inhibit further origin licensing when it has been imported into an interphase nucleus ( Figure 4C ). It is possible that the factor(s) required to inactivate geminin are excluded from interphase nuclei, thus allowing the alteration that had occurred upon metaphase exit to become reversed inside the nucleus. The reactivation of geminin did not depend on CDK activity, distinguishing this mechanism from what has been reported in yeast, where high nuclear CDK activity is required to prevent reassembly of pre-RCs and relicensing of replicated DNA [2, 3, 5]. This parallels earlier work showing that geminin is the major inhibitor of origin licensing in metaphase-arrested Xenopus egg extracts [9] . Since the initiation of DNA replication only takes place within the nucleus [11], the reactivation of geminin as a licensing inhibitor in the nucleus provides an elegant mechanism for preventing rereplication of DNA.
Experimental Procedures Preparation of Egg Extracts and Sperm Nuclei
Metaphase-arrested and interphase low-speed supernatant Xenopus egg extracts were prepared as described [21] . Extracts were 
